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(57) ABSTRACT 

A quantum absorber is provided having transitions that 
include a ?rst transition betWeen a ?rst loWer quantum state 
and an upper quantum state, and a second transition betWeen 
a second loWer quantum state and the upper quantum state. 
The ?rst transition and the second transition have energies 
that correspond to frequencies of 001 and 002, respectively. 
The loWer quantum states differ in energy by an energy 
difference subject to a total a.c. Stark shift. Incident electro 
magnetic radiation is generated. The incident electro 
magnetic radiation includes main frequency components 
and additional frequency components. The main frequency 
components are at frequencies of Q1 and Q2, equal to 001 and 
002, respectively, and differ in frequency by a frequency 
difference. The additional frequency components collec 
tively have a spectrum. The quantum absorber is irradiated 
With the incident electro-magnetic radiation. Electro 
magnetic radiation from the quantum absorber is detected to 
generate a detection signal. The frequency difference is 
controlled to obtain an eXtremum in the detection signal. The 
eXtremum indicates that the frequency difference corre 
sponds to the energy difference betWeen the loWer quantum 
states. The spectrum of the additional frequency components 
is set to reduce the magnitude of the total a.c. Stark shift, and 
a frequency standard signal related in frequency to the 
frequency difference is provided. 

29 Claims, 12 Drawing Sheets 
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COHERENT POPULATION 
TRAPPING-BASED METHOD FOR 

GENERATING A FREQUENCY STANDARD 
HAVING A REDUCED MAGNITUDE OF 

TOTAL A.C. STARK SHIFT 

RELATED DISCLOSURES 

This disclosure is related to the following simultaneously 
?led disclosures that are incorporated herein by reference: 

Coherent Population Trapping-Based Frequency Standard 
Having a Reduced Magnitude of Total a.c. Stark Shift of 
inventors Miao Zhu and Leonard S. Cutler Ser. No. 09/587, 
717; 

Detection Method and Detector for Generating a Detec 
tion Signal that Quanti?es a Resonant Interaction BetWeen 
a Quantum Absorber and Incident Electro-Magnetic Radia 
tion of inventors Leonard S. Cutler and Miao Zhu Ser. No. 
09/588,032; and 

Coherent Population Trapping-Based Frequency Standard 
and Method for Generating a Frequency Standard Incorpo 
rating a Quantum Absorber that Generates the CPT State 
With High Ef?ciency of inventor Miao Zhu Ser. No. 09/587, 
719. 

FIELD OF THE INVENTION 

The invention relates to methods for generating high 
precision frequency standards and, in particular, for gener 
ating frequency standards based on coherent population 
trapping (CPT). 

BACKGROUND OF THE INVENTION 

The proliferation of telecommunications based on optical 
?bers and other high-speed links that employ very high 
modulation frequencies has led to an increased demand for 
highly-precise and stable local frequency standards capable 
of operating outside the standards laboratory. QuartZ crystals 
are the most commonly-used local frequency standard, but 
in many cases are not sufficiently stable to meet the stability 
requirements of modern, high-speed communications appli 
cations and other similar applications. 

To achieve the stability currently required, a frequency 
standard requires a frequency reference that is substantially 
independent of external factors such as temperature and 
magnetic ?eld strength. Also required is a Way to couple the 
frequency reference to an electrical signal that serves as the 
electrical output of the frequency standard. Potential fre 
quency references include transitions betWeen quantum 
states in atoms, ions and molecules. HoWever, many such 
transitions correspond to optical frequencies, Which makes 
the transition dif?cult to couple to an electrical signal. 

Transitions betWeen the levels of certain ions and mol 
ecules and betWeen the hyper?ne levels of certain atoms 
have energies that correspond to microWave frequencies in 
the 1 GHZ to 45 GHZ range. Electrical signals in this 
frequency range can be generated, ampli?ed, ?ltered, 
detected and otherWise processed using conventional semi 
conductor circuits. 
An early example of a portable frequency standard based 

on an atomic is frequency reference is the model 5060A 
frequency standard introduced by the HeWlett-Packard 
Company in 1964. This frequency standard used a transition 
betWeen tWo hyper?ne levels of the cesium-133 atom as its 
frequency reference, and had a frequency accuracy of about 
tWo parts in 1011. Current versions of this frequency stan 
dard have an accuracy of about ?ve parts in 1013 and a 
stability of a feW parts in 1014. 
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2 
Less accurate but smaller frequency standards have been 

built that use a transition betWeen the hyper?ne states of a 
quantum absorber such as a rubidium-87 atom as their 
frequency reference. This type of frequency standard 
includes a cell ?lled With a vapor of rubidium-87 atoms and 
located in a microWave cavity. The rubidium atoms in the 
cell are illuminated With light from a rubidium lamp. The 
light generated by the lamp includes tWo spectral lines, one 
of Which is ?ltered out by passing the light through an 
auxiliary cell ?lled With rubidium-85 atoms, so that light of 
essentially only a single frequency illuminates the rubidium 
atoms. 

The rubidium-87 atom has a ground state, the S state, that 
is split into tWo groups of states by the hyper?ne interaction 
betWeen the magnetic moments of the electron and nucleus. 
Each group contains a number of sublevels. The tWo groups 
are separated by an energy corresponding to a frequency of 
about 6.8 GHZ. At room temperature, all the sublevels in the 
groups are approximately equally populated. The ?rst 
excited state, a P state, is also split by the hyper?ne inter 
action but the splitting is much smaller and can be neglected 
for the purposes of this discussion. The P state is essentially 
unpopulated at room temperature. When the rubidium atoms 
are illuminated With the light from the rubidium lamp/?lter 
cell combination, the light is absorbed since its frequency 
corresponds to the energy difference betWeen the P state and 
one of the groups constituting the S state. The light absorp 
tion decreases the population of one of the groups consti 
tuting the S state and increases the population in the other. 
As the resulting population imbalance reaches equilibrium, 
absorption of the incident light decreases. 

For convenience, the tWo groups into Which the ground 
state S of the rubidium-87 atom is split by hyper?ne inter 
action Will from noW on be called the ground states of the 
rubidium atom. Feeding microWave energy into the micro 
Wave cavity at a frequency of about 6.8 GHZ, corresponding 
to the energy difference betWeen the tWo ground states, tends 
to equaliZe the populations of the states. The change of 
population causes the absorption of the light transmitted 
through the cell to increase. This can be detected and the 
resulting detection signal used to control the microWave 
frequency to a frequency at Which the absorption of the light 
transmitted through the cell is a maximum. When this 
condition is met, the microWave frequency corresponds to, 
and is determined by, the energy difference betWeen the 
ground states. The microWave signal, or a signal derived 
from the microWave signal, is used as the frequency stan 
dard. 
The energy difference betWeen the tWo ground states is 

relatively insensitive to external in?uences such as electric 
?eld strength, magnetic ?eld strength, temperature, etc., and 
corresponds to a frequency that can be handled relatively 
conveniently by electronic circuits. This makes the energy 
difference betWeen the ground states a relatively ideal fre 
quency reference for use in a frequency standard. HoWever, 
in the type of frequency standard just described, interaction 
betWeen the incident light and the rubidium atoms results in 
ac. Stark shift. The ac. Stark shift changes the energy 
difference betWeen the ground states, and, hence changes the 
frequency of the microWave signal. Thus, the ac. Stark shift 
reduces the accuracy of the frequency standard. Moreover, 
since the ac. Stark shift depends, in part, on the intensity and 
frequency of the incident light, the ac. Stark shift converts 
variations in the intensity and frequency of the incident light 
into variations in the frequency of the signal generated by 
the frequency standard. Thus, the ac. Stark shift additionally 
reduces the stability of the frequency standard. 
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The type of frequency standard just described suffers from 
a number of additional disadvantages. For example, the 
microwave cavity in Which the cell is located and the 
auxiliary ?lter cell make the frequency standard complex 
and expensive to manufacture. 
More recently, frequency standards have been proposed 

that use as their frequency reference coherent population 
trapping (CPT) in the transition betWeen the hyper?ne states 
of a quantum absorber such as the rubidium-87 atom. The 
structure of the CPT-based frequency standard can be similar 
to that of the frequency standard just described, but the 
CPT-based frequency standard lacks an auxiliary cell and a 
rubidium lamp, and only needs a microWave cavity if 
coherent emission, described beloW, is detected. The cell is 
illuminated With incident light having tWo main frequency 
components in the near infra-red. The incident light can be 
generated using tWo phase-locked lasers or by modulating 
the frequency of a single laser. In the former case, the 
frequency difference betWeen the main frequency compo 
nents is determined by the frequency difference betWeen the 
lasers. In the latter case, the frequency difference betWeen 
the main frequency components is determined by the modu 
lation frequency applied to the laser. 

The frequency difference is controlled to match the fre 
quency corresponding to the energy difference betWeen the 
tWo ground states to establish a speci?c coherence betWeen 
the ground states, i.e., a condition in Which the atoms are in 
a speci?c superposition of the ground states. The atoms in 
this speci?c superposition of the ground states do not 
interact With the tWo main frequency components in the 
incident light. This leads to the name dark state for the 
speci?c superposition of the ground states. The atoms in the 
dark state also have an oscillating electro-magnetic multi 
pole moment at a frequency equal to the frequency differ 
ence. The oscillating electro-magnetic multipole moment 
emits an electro-magnetic ?eld called coherent emission. 
When the number of atoms in the dark state reaches a 
maximum, absorption of the incident light is minimiZed, 
transmission of the incident light through the cell is maxi 
miZed and the ?uorescent light generated as a result of the 
quantum absorber absorbing the incident light is minimiZed. 
Also, the coherent emission generated by the quantum 
absorber’s oscillating electro-magnetic multipole moment is 
maximiZed. 

The coherence condition betWeen the ground states is 
detected by detecting the portion of the incident light that 
remains unabsorbed after passing through the quantum 
absorber, by detecting the ?uorescent light generated by the 
quantum absorber in response to the incident light or by 
detecting the coherent emission generated by the quantum 
absorber in response to the incident light. The resulting 
detection signal is used to control the frequency difference 
or modulation frequency to a frequency at Which the unab 
sorbed portion of the incident light has a maximum intensity, 
the ?uorescent light generated by the quantum absorber has 
a minimum intensity or the coherent emission generated by 
the quantum absorber has a maximum intensity. When the 
coherence condition is met, the frequency difference or the 
modulation frequency (or a harmonic thereof) corresponds 
to, and is determined by, the energy difference betWeen the 
ground states. 
An exemplary CPT-based frequency standard is described 

by Normand Cyr, Michel Tétu and Marc Breton in All 
Optical MicroWave Frequency Standard: a Proposal, 42 
IEEE Trans. on Instrumentation & Measurement, 640 (April 
1993 Cyr et al. describe a practical example of a frequency 
standard that uses a single laser that emits light having a 
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4 
Wavelength of 780 nm. The light is frequency modulated at 
a modulation frequency of 1.139 GHZ, one-sixth of the 
frequency difference of 6.835 GHZ corresponding to the 
energy difference betWeen the ground states of rubidium-87. 
Cyr et al. disclose setting the modulation index of the 
frequency modulation to 4.2 to maximiZe the intensities of 
the main frequency components having frequencies corre 
sponding to the transitions. The modulation index is the ratio 
of the deviation in the frequency of the light to the modu 
lation frequency. 

In the process of generating CPT, the frequencies of the 
main frequency components of the incident light are 
approximately equal to the frequencies corresponding to the 
tWo transitions of the quantum absorber. When the ?rst main 
frequency component is not forbidden by selection rules 
from connecting one of the ground states to the excited state, 
it Will cause energy shifts, called a.c. Stark shifts, in the other 
ground state and the excited state. Similarly, the second main 
frequency component Will cause energy shifts, i.e., a.c. Stark 
shifts, in the one ground state and the excited state, if not 
forbidden. In a CPT-based frequency standard, the total a.c. 
Stark shift degrades the accuracy of the frequency standard 
While variations in the total a.c. Stark shift degrade fre 
quency stability. The total a.c. Stark shift due to the above 
described de-tuned frequency components makes the mea 
sured energy difference betWeen the ground states 
signi?cantly different from the unperturbed energy differ 
ence betWeen these states. 

Thus, What is needed is a method based on CPT for 
generating a frequency standard that has a substantially 
reduced total a.c. Stark shift. A reduced total a.c. Stark shift 
is required to provide the frequency stability required for 
modern, high-speed communications and similar applica 
tions. 

SUMMARY OF THE INVENTION 

The invention provides a method for generating a fre 
quency standard. In the method, a quantum absorber is 
provided having transitions including a ?rst transition 
betWeen a ?rst loWer quantum state and an upper quantum 
state, and a second transition betWeen a second loWer 
quantum state and the upper quantum state. The ?rst tran 
sition and the second transition have energies that corre 
spond to frequencies of 001 and 002, respectively. The loWer 
quantum states differ in energy by an energy difference 
subject to a total a.c. Stark shift. Incident electro-magnetic 
radiation is generated. The incident electro-magnetic radia 
tion includes main frequency components and additional 
frequency components. The main frequency components are 
at frequencies of Q1 and Q2, equal to 001 and 002, 
respectively, and differ in frequency by a frequency differ 
ence. The additional frequency components collectively 
have a spectrum. The quantum absorber is irradiated With 
the incident electro-magnetic radiation. Electro-magnetic 
radiation from the quantum absorber is detected to generate 
a detection signal. The frequency difference is controlled to 
obtain an extremum in the detection signal. The extremum 
indicates that the frequency difference corresponds to the 
energy difference betWeen the loWer quantum states. The 
spectrum of the additional frequency components is set to 
reduce the magnitude of the total a.c. Stark shift, and a 
frequency standard signal related in frequency to the fre 
quency difference is provided. 
The spectrum of the additional frequency components 

may be set in a number of different Ways. The spectrum may 
be set by setting the modulation applied to a source that 
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generates at least one of the main frequency components. 
Either or both of the frequencies and the intensities of the 
additional frequency components may be changed to set 
their spectrum. An additional source may generate all or 
some of the additional frequency components that are spa 
tially overlapped With the main frequency components. The 
spectrum of the additional frequency components may be 
simply be set to one that reduces the total a.c. Stark shift. 
Alternatively, the spectrum of the additional frequency com 
ponents may be set in a closed-loop manner to one that 
reduces the total a.c. Stark shift substantially to Zero. 

In a frequency standard that employs the frequency stan 
dard generating method according to the invention, the 
additional frequency components substantially reduce the 
effects of total a.c. Stark shift on the accuracy and stability 
of the frequency standard signal. Thus, such a frequency 
standard generates the frequency standard signal With the 
accuracy and stability required for modern, high-speed com 
munications and similar applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an energy diagram shoWing a simpli?ed quan 
tum absorber having only three states. 

FIG. 2 is a graph shoWing the shift in the energy of the 
ground state |g1> plotted against the frequency de-tuning 
A=Q—u)1 While the incident electro-magnetic radiation 
maintains a constant intensity. 

FIG. 3 is a schematic block diagram shoWing a CPT-based 
frequency standard that performs a ?rst embodiment of the 
CPT-based frequency standard generating method according 
to the invention. 

FIG. 4A is a schematic block diagram shoWing the 
con?guration of a ?rst example of the light source of the 
frequency standard shoWn in FIG. 3. 

FIG. 4B is a schematic block diagram shoWing the 
con?guration of a second example of the light source of the 
frequency standard shoWn in FIG. 3. 

FIG. 5A is a graph shoWing the spectral energy distribu 
tion of incident light having a modulation index of about 
1.84. 

FIG. 5B is a graph shoWing the spectral energy distribu 
tion of incident light having a modulation index of about 2.4. 

FIG. 5C is a graph shoWing hoW the intensities of the 
frequency components having frequencies of QC, QCIQM, 
QCIZQM and QC:3QM vary With the modulation index. 

FIG. 5D is a graph shoWing an example of the variation 
of the total a.c. Stark shift With the modulation index of the 
incident light. 

FIGS. 6A, 6B and 6C are graphs shoWing examples of the 
variation of the intensities of the transmitted light, ?uores 
cent light and coherent emission, respectively, With the 
frequency difference 69 betWeen the main frequency com 
ponents of the incident light. 

FIG. 7 is a schematic block diagram shoWing a CPT-based 
frequency standard that performs a second embodiment of 
the CPT-based frequency standard generating method 
according to the invention in Which the spectrum of the 
additional frequency components is controlled to minimiZe 
the magnitude of the total a.c. Stark shift. 

FIG. 8 is a schematic block diagram shoWing a CPT-based 
frequency standard that performs a third embodiment of the 
CPT-based frequency standard generating method according 
to the invention. 

FIG. 9 is a schematic block diagram shoWing an alterna 
tive con?guration of the light source of the CPT-based 
frequency standard shoWn in FIG. 8. 
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6 
FIG. 10 is a schematic block diagram shoWing a CPT 

based frequency standard that performs a fourth embodi 
ment of the CPT-based frequency standard generating 
method according to the invention. 

FIGS. 11A and 11B are graphs shoWing examples of the 
frequency components generated When the incident light is 
modulated With a modulation frequency of 3.4 GHZ and an 
additional modulation frequency of 500 MHZ and 3.9 GHZ, 
respectively. 

FIG. 12 is a schematic block diagram shoWing a CPT 
based frequency standard according that performs a ?fth 
embodiment of the CPT-based frequency standard generat 
ing method to the invention in Which the main frequency 
components of the incident light are independently gener 
ated. 

FIG. 13 is a schematic block diagram shoWing an alter 
native con?guration of the light source of the CPT-based 
frequency standard shoWn in FIG. 12. 

FIG. 14 is a How chart shoWing the CPT-based frequency 
standard generating method according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shoWs a simpli?ed quantum absorber having only 
three quantum states, namely, an excited state |e>, a loWer 
ground state |g1> and an upper ground state |g2>. Also shoWn 
are the transitions betWeen the ground states |g1> and |g2> 
and the ?rst excited state |e>. Absorbing a quantum of 
energy having a frequency 001 corresponding to the energy 
difference betWeen the loWer ground state |g1> and the 
excited state |e> causes the quantum absorber to move from 
the loWer ground state to the excited state. Absorbing a 
quantum of energy having a frequency 002 corresponding to 
the energy difference betWeen the upper ground state |g2> 
and the excited state causes the quantum absorber to move 
from the upper ground state to the excited state. Absorbing 
a quantum of microWave energy having a frequency 000 
corresponding to the energy difference betWeen the loWer 
ground state |g1> and the upper ground state |g2> causes the 
quantum absorber to move from the loWer ground state to 
the upper ground state. The draWing is not to scale: the 
energies corresponding to the frequencies m1 and 002 are 
many orders of magnitude greater than the energy corre 
sponding to the frequency 000. For example, the frequencies 
m1 and 002 are typically optical frequencies Whereas the 
frequency 000 is a microWave frequency. 

Consider the transition betWeen the loWer ground state 
|g1> and the excited state |e> of the quantum absorber. These 
states have energies of Ego and E60, respectively. The 
transition frequency corresponding to the energy of the 
transition betWeen these tWo states is: 

The quantum absorber interacting With incident electro 
magnetic radiation composed of a single frequency compo 
nent having a frequency of Q subjects the energy of the 
ground state and that of the excited state to a shift, called a.c. 
Stark shift, or light shift. FIG. 2 is a graph shoWing the shift 
in the energy of the ground state |g1> plotted against the 
frequency de-tuning A=Q—u)1 While the incident electro 
magnetic radiation maintains a constant intensity. 
The peak-to-peak Width of the ac. Stark shift shoWn in 

FIG. 2 is approximately equal to the homogeneous line 
Width of the transition. This part of the ac. Stark shift, Where 
the frequency de-tuning is less than the line Width, Will be 
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called the near-resonance a.c. Stark shift. FIG. 2 also shows 
values of the frequency de-tuning having a magnitude 
substantially larger than the line Width of the transition. 
When the magnitude of the frequency de-tuning is larger 
than the line Width of the transition, the ac. Stark shift is 
approximately inversely proportional to the frequency 
de-tuning. This part of the total a.c. Stark shift Will be called 
the de-tuned a.c. Stark shift. 
When a quantum absorber interacts With incident electro 

magnetic radiation composed of multiple frequency 
components, the shift in the energy of the state |g1> includes 
contributions from all the frequency components of the 
electro-magnetic radiation that connect all the possible tran 
sitions from the state |g1>. The same principle applies to the 
shift in the energy of the state |g2>. One eXample of 
generating the dark state is to use incident electro-magnetic 
radiation composed of tWo main frequency components 
having frequencies of Q1=uu1 and Q2=uu2. The frequency 
component Q2, Which has a negative frequency de-tuning 
relative to 001, causes a negative shift in the energy of the 
state |g1>. Similarly, the frequency component Q1, Which 
has a positive frequency de-tuning relative to 002, causes a 
positive shift in the energy of the state |g2>. Frequency 
components having positive frequency de-tuning and ones 
having negative frequency de-tuning are referred to in the art 
as red de-tuned and blue de-tuned frequency components, 
respectively. Thus, in this eXample, the energy difference 
betWeen the states |g2> and |g1> has a positive a.c. Stark 
shift. 
When the intensity of the incident electro-magnetic radia 

tion changes spatially, elements of the quantum absorber at 
different locations may have different a.c. Stark shifts. This 
has to be taken into account if the frequency standard uses 
many quantum absorber elements, as occurs When, for 
eXample, the quantum absorber is con?ned in a cell having 
?nite length along the path of the incident electro-magnetic 
radiation. The total a.c. Stark shift in a frequency standard 
characteriZes the effect of the contributions of the ac. Stark 
shifts in all of the quantum absorber elements resulting from 
all the frequency components of the incident electro 
magnetic radiation connecting all the possible transitions. 
The magnitude of the total a.c. Stark shift must be reduced, 
and preferably minimiZed, if the frequency standard is to 
have the required accuracy and/or stability. 

The invention reduces, and preferably minimiZes, the 
magnitude of the total a.c. Stark shift by modifying the 
incident electro-magnetic radiation and, in particular, by 
adding additional frequency components to the incident 
electro-magnetic radiation. The additional frequency com 
ponents are additional to the main frequency components 
having frequencies Q1 and Q2 that are equal to the transition 
frequencies m1 and 002, respectively. The additional fre 
quency components reduce, and preferably minimiZe, the 
magnitude of the total a.c. Stark shift collectively generated 
by all the frequency components of the incident electro 
magnetic radiation. 

The effect of each additional frequency component of the 
incident electro-magnetic radiation on reducing the magni 
tude of the total a.c. Stark shift depends on the frequency and 
intensity of the additional frequency component. Thus, the 
collective effect of all the additional frequency components 
of the incident electro-magnetic radiation on reducing the 
magnitude of the total a.c. Stark shift depends on the 
intensities and frequencies of all the additional frequency 
components. In this disclosure, term spectrum is used to 
describe the collective frequencies and intensities of the 
additional frequency components of the incident electro 
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magnetic radiation. The spectrum of the additional fre 
quency components of the incident electro-magnetic radia 
tion Will change if either or both of the frequency and the 
intensity of just one of the additional frequency components 
is changed. 
The invention Will noW be further described With refer 

ence to some eXamples in Which the quantum absorber is a 
vapor of rubidium-87 atoms and the incident electro 
magnetic radiation is infra-red light With the understanding 
that the method according to the invention can be practiced 
using other quantum absorbers and electro-magnetic radia 
tion outside the infra-red frequency range. 

FIG. 3 is a schematic block diagram shoWing a frequency 
standard 100 that performs a ?rst embodiment of the CPT 
based frequency standard generating method according to 
the invention. In this embodiment, the magnitude of the total 
a.c. Stark shift is reduced, but is not controlled to a minimum 
by a closed-loop control system. The frequency standard is 
composed of the light source 102, the quantum absorber 
104, the detector 106, the carrier frequency controller 108, 
the frequency difference controller 110, the voltage 
controlled oscillator (VCO) 112, the spectrum controller 
114. The frequency standard additionally includes the oscil 
lators 141 and 142 and the frequency difference tracking 
signal injector 143. 
The light source 102 generates the incident light 116 that 

illuminates the quantum absorber 104. The detector 106 is 
located to detect electro-magnetic radiation from the quan 
tum absorber and generate a detection signal in response to 
the electro-magnetic radiation. The electro-magnetic radia 
tion detected by the detector may be any one of the unab 
sorbed portion of the incident light transmitted through the 
quantum absorber, the ?uorescent light generated by the 
quantum absorber in response to the incident light and the 
coherent emission generated by the quantum absorber in 
response to the incident light. The detection signal generated 
by the detector is fed to the carrier frequency controller 108 
and the frequency difference detector 110. 
The incident light 116 generated by the light source 102 

includes tWo main frequency components having frequen 
cies of Q1 and Q2. The frequencies Q1 and Q2 of the main 
frequency components are preferably equal to the transition 
frequencies m1 and 002, respectively, shoWn in FIG. 1. A 
main frequency component having a frequency that differs 
from a transition frequency by less than about three times the 
transition line Width Will be regarded in this disclosure as 
having a frequency equal to the transition frequency. The 
incident light also includes additional frequency compo 
nents Whose spectrum is set by the spectrum controller 114 
to reduce the magnitude of the total a.c. Stark shift. 

In the frequency standard shoWn, the light source 102 is 
composed of a single source of light (not shoWn). The light 
generated by the source of light is modulated to generate the 
incident light 116 With the above-mentioned frequency 
components, as Will be described in more detail beloW With 
reference to FIGS. 4A and 4B. Alternative Ways of gener 
ating the incident light to have the required frequency 
components Will also be described beloW. 
The carrier frequency QC of the incident light 116 gen 

erated by the light source 102 is controlled by the carrier 
frequency controller 108, Which Will be described beloW, 
and is modulated by the modulation drive signal 124 gen 
erated by the spectrum controller 114. The frequency of the 
modulation drive signal 124 is de?ned by the modulation 
clock signal 126 generated by the VCO 112. The frequency 
QM of the modulation clock signal is preferably set to a 
frequency equal to (no/2, Where uuO=(u)1—u)2), by the fre 
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quency difference controller 110, as Will be described in 
more detail below. The modulation frequency of QM sets the 
frequency difference betWeen the main frequency compo 
nents to (no. Alternatively, the frequency QM may be set to 
(no/n, Where n is an integer. 

The VCO 112 generates the modulation clock signal 126, 
Which it feeds to the input of the frequency difference 
tracking signal injector 143 interposed betWeen the VCO 
and the spectrum controller 114. The frequency difference 
tracking signal injector Will be described beloW. The VCO 
additionally feeds the modulation clock signal to the output 
133. The modulation clock signal at the output 133 can be 
used as a frequency standard signal. Alternatively, conven 
tional phase-locked loop and frequency divider circuits, or 
other techniques, can be used to generate a frequency 
standard signal having a more convenient frequency from 
the modulation clock signal 126. Such frequency standard 
signal has a frequency accuracy and stability de?ned by the 
modulation clock signal 126. 
As Will be described in further detail beloW, the frequency 

difference tracking signal injector 143 generates the modu 
lation clock signal 127 from the modulation clock signal 
126. The spectrum controller 114 generates the modulation 
drive signal 124 With a frequency de?ned by that of the 
modulation clock signal 127 and feeds the modulation drive 
signal to the light source 102. The amplitude of the modu 
lation drive signal is de?ned by the spectrum controller and 
determines the modulation indeX of the incident light 116 
generated by the light source. The spectrum controller sets 
the amplitude of the modulation drive signal to a level that 
modulates the incident light With a modulation indeX that 
generates the additional frequency components With a spec 
trum that reduces, and preferably minimizes, the magnitude 
of the total a.c. Stark shift. The modulation indeX [3 of the 
incident light is the ratio of the frequency deviation A9 of 
the incident light to the modulation frequency QM, i.e., 
[3=AQ/QM. 

Setting the modulation indeX of the incident light 116 sets 
the spectrum of the additional frequency components by 
de?ning the intensities of the additional frequency compo 
nents. In this ?rst embodiment, the frequencies of the 
additional frequency components remain ?Xed by the need 
to generate the main frequency components With frequencies 
equal to the transition frequencies m1 and 002. In other 
embodiments that Will be described beloW, the spectrum of 
the additional frequency components is set by setting one or 
both of the intensities and the frequencies of at least some of 
the additional frequency components. In all embodiments, 
the spectrum controller sets the spectrum of the additional 
frequency components to reduce, and preferably minimiZe, 
the magnitude of the total a.c. Stark shift. 
As noted above, the carrier frequency QC of the incident 

light 116 generated by the light source 102, i.e., the unmodu 
lated frequency of the incident light, is controlled by the 
control signal 122 generated by the carrier frequency con 
troller 108. To aid the operation of the carrier frequency 
controller, the carrier frequency is additionally modulated by 
the carrier frequency tracking signal 130 generated by the 
oscillator 141. The frequency of the carrier frequency track 
ing signal should be greater than the lineWidth of the 
resonance at the frequency 000, shoWn in FIGS. 6A, 6B and 
6C. A typical value is 10 kHZ. The oscillator 141 feeds the 
carrier frequency tracking signal to the light source 102 and 
also to the carrier frequency controller 108. 

The carrier frequency controller 108 operates in response 
to the detection signal 120 and the carrier frequency tracking 
signal 130 to set the carrier frequency of the incident light 
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116 generated by the light source 102 to a frequency equal 
to ((n1+u)2)/2. The carrier frequency controller includes a 
synchronous detector (not shoWn) that operates in response 
to the carrier frequency tracking signal to detect variations 
in the detection signal 120 at the frequency of the carrier 
frequency tracking signal. The carrier frequency controller 
generates the control signal 122 from the detected varia 
tions. The control signal 122 controls one or more appro 
priate parameters of the light source 102 to set the carrier 
frequency QC. 
The frequency QM of the modulation clock signal 126 

generated by the VCO 112, and, hence, the modulation 
frequency of the incident light 116, are set by the control 
signal 128 generated by the frequency difference controller 
110. The frequency QM is preferably set to (no/2, Where 
uuO=(u)1—uu2). To aid the operation of the frequency differ 
ence controller, the oscillator 142 generates the frequency 
difference tracking signal 132. The frequency of the fre 
quency difference tracking signal should be less than or 
equal to the line Width of the resonance at the frequency 000, 
as shoWn in FIGS. 6A, 6B and 6C. Atypical value is 100 HZ. 
The output of the oscillator 142 is connected to an input of 
the frequency difference controller and to an input of the 
frequency difference tracking signal injector 143. 
The frequency difference tracking signal injector 143 

receives the modulation clock signal 126 from the VCO 112 
and the frequency difference tracking signal 132 from the 
oscillator 142. The frequency difference tracking signal 
injector modulates the frequency of the modulation clock 
signal 126 at the frequency of the frequency difference 
tracking signal and feeds the resulting modulation clock 
signal 127 to the spectrum controller 114. The frequency 
difference tracking signal injector also isolates the frequency 
standard signal fed to the output 133 from the frequency 
difference tracking signal to prevent the latter signal from 
impairing the accuracy and stability of the former signal. 
The frequency difference controller 110 includes a syn 

chronous detector (not shoWn) that operates in response to 
the frequency difference tracking signal 132 to detect varia 
tions in the detection signal 120 at the frequency of the 
frequency difference tracking signal. The frequency differ 
ence controller uses the detected variations to generate the 
control signal 128 that sets the frequency QM of the modu 
lation clock signal 126 generated by the VCO 112 to a value 
preferably equal to (no/2. 

FIG. 4A is a schematic block diagram shoWing a ?rst 
eXample of the light source 102 in more detail. In this 
eXample, the light source includes the laser 140 that gener 
ates the incident light 116. The laser receives the control 
signal 122 from the carrier frequency controller 108 as its 
DC drive signal, and additionally receives the modulation 
drive signal 124 from the spectrum controller 114 and the 
carrier frequency tracking signal 130 from the oscillator 141. 
The frequency of the light generated by a semiconductor 

laser depends on the drive current through the laser. 
Consequently, in this embodiment, the DC drive signal 122 
determines the frequency QC of the incident light 116 
generated by the laser. The frequency of the incident light is 
modulated by superimposing the modulation drive signal 
124 on the DC drive signal. The frequency of the incident 
light is additionally modulated by superimposing the carrier 
frequency tracking signal 130 on the DC drive signal. 

FIG. 4B is a schematic block diagram shoWing a second 
eXample of the light source 102 in Which a modulator 
external to the laser is used to modulate the incident light. In 
this eXample, the light source includes the laser 140 and the 
modulator 149. The laser receives the control signal 122 
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from the carrier frequency controller 108 as its DC drive 
signal. The modulator receives the modulation drive signal 
124 from the spectrum controller 114, and additionally 
receives the carrier frequency tracking signal 130 from the 
oscillator 141. The laser generates the light 163, Which is fed 
to the modulator 149. The modulator modulates at least one 
of the frequency, amplitude and phase of the light 163 in 
response to the modulation drive signal and the carrier 
frequency tracking signal to generate the incident light 116. 
The carrier frequency tracking signal 130 may alternatively 
be fed to the laser 140. 

The light source 102 may include additional optical 
elements (not shoWn) such as lenses, polariZers, Wave plates, 
prisms and optical ?bers that further de?ne the characteris 
tics of the incident light 116. For example, a polariZer and a 
Wave plate (not shoWn) that circularly polariZe the incident 
light may be located betWeen the laser 140 and the quantum 
absorber 104. 

In a CPT-based frequency standard in Which the main 
frequency components are generated by modulating the 
incident light having a carrier frequency of (uu1+u)2)/2 at a 
modulation frequency of (uu1—uu2)/2, one choice of the 
modulation index of the incident light is about 1.84. FIG. 5A 
shoWs the resulting spectral energy distribution. A modula 
tion index of 1.84 maximiZes the intensities of the main 
frequency components With frequencies of Q1 and Q2, as 
shoWn in FIG. 5C. This maximiZes the signal-to-noise ratio 
of the detection signal. At a modulation index of 1.84, the 
intensities of the additional frequency components With 
frequencies of QC and QCIZQM are comparable to one 
another, and signi?cantly smaller than those of the main 
frequency components. The frequencies of the additional 
frequency components are ?xed since they depend on QC 
and QM, HoWever, it can be seen from FIG. 5D that this 
choice of modulation index results in a signi?cant total a.c. 
Stark shift. 

In the CPT-based frequency standard 100 according to the 
invention, the spectrum controller 114 generates the modu 
lation drive signal 124 With an amplitude that sets the 
modulation index of the incident light 116 to a value that 
generates the additional frequency components With a spec 
trum that reduces, and preferably minimiZes, the magnitude 
of the total a.c. Stark shift. This value of the modulation 
index is different from that Which maximiZes the signal-to 
noise ratio of the detection signal. The value of the modu 
lation index that minimiZes the total a.c. Stark shift depends 
in part on the operating temperature of the quantum absorber 
104. In a preferred embodiment in Which the quantum 
absorber Was a saturated vapor of rubidium-87 atoms at an 

operating temperature of 60° C., a modulation index of 
about 2.4 Was appropriate to minimiZe the ac. Stark shift. In 
this example, modulating light having a carrier frequency of 
QC at a modulation frequency of QM, both as de?ned above, 
With a modulation index close to 2.4 generates the incident 
light 116 that includes the main frequency components 
having frequencies of Q1 and Q2, and that also includes 
additional frequency components having frequencies differ 
ent from £21 and Q2. The additional frequency components 
have a spectrum that substantially reduces, and preferably 
minimiZes, the magnitude of the total a.c. Stark shift. 

FIG. 5B shoWs the characteristics of the incident light 116 
obtained When light having a carrier frequency of Qc=(u)l+ 
(n2)/2 is modulated at a modulation frequency of QM=(u)1— 
(n2)/2 With a modulation index of 2.4 in accordance With the 
invention. Increasing the modulation index above 1.84 
decreases the intensities of the main frequency components 
With frequencies of Q1 and Q2, and changes the spectrum of 

10 

15 

25 

35 

45 

55 

65 

12 
the additional frequency components by increasing the 
intensities of the additional frequency components With 
frequencies of QC 129M and QCI3QM, as shoWn in FIG. 
5C. This change in the spectrum of the additional frequency 
components reduces the magnitude of the total a.c. Stark 
shift, as shoWn in FIG. 5D. In the preferred embodiment 
described above, a modulation index of 2.4 results in the 
additional frequency components having a spectrum that 
reduces the magnitude of the total a.c. Stark shift to Zero or 
close to Zero, as shoWn in FIG. 5D. 

FIG. 5D additionally shoWs that the modulation index 
may deviate from its optimum value Without a sharp 
increase in the total a.c. Stark shift. This alloWs an accept 
ably loW total a.c. Stark shift to be obtained using the 
arrangement shoWn in FIG. 3 in Which the modulation index 
is ?xed, and is not controlled to its optimum value by a 
closed-loop feedback system. 

Apossible side effect of superimposing an ac. modulation 
drive signal on the DC drive signal of a semiconductor laser 
to modulate the frequency of the incident light generated by 
the laser is a modulation of the intensity of the incident light. 
If amplitude modulation coherent With the frequency modu 
lation occurs, this can cause the laser to generate frequency 
components having intensities that are asymmetrical about 
the carrier frequency. When this occurs, a different modu 
lation index from that disclosed above may be required to 
provide the desired reduction in the magnitude of the total 
a.c. Stark shift. 
The type of modulation and the values of the carrier 

frequency and modulation frequency just described are not 
critical to the invention, and other types of modulation and 
other carrier and modulation frequencies can be used. For 
example, the modulation frequency QM can be a frequency 
equal to the frequency difference (no divided by an integer 
other than tWo. As another example, the carrier frequency 
can be a frequency equal to the transition frequency 001 or 
the transition frequency 002, and the modulation frequency 
can be a frequency equal to the frequency difference (no 
divided by an integer. In any case, the modulation of the 
carrier frequency is set so that the frequency components 
additional to the main frequency components having fre 
quencies of Q1 and Q2 have a spectrum that reduces, and 
preferably minimiZes, the magnitude of the total a.c. Stark 
shift. Moreover, the modulation of the incident light can be 
frequency modulation, amplitude modulation, phase modu 
lation or any combination of tWo or more of these modula 
tions. 

In the preferred embodiment of the frequency standard 
100, atoms of rubidium-87 in the vapor state are used as the 
quantum absorber 104. Atoms of cesium-133 or another 
alkali metal may alternatively be used. Alternatively, suit 
able other atoms, ions or molecules may be used as the 
quantum absorber. In a practical embodiment, the laser 104 
Was operated to generate light With a frequency component 
having a Wavelength of 795 nm, Which corresponds to the 
D1 line of rubidium-87. The D1 line is preferred as it 
increases the signal-to-noise ratio of the detection signal 
120. The D2 line Would require a Wavelength of 780 nm. 
Cesium Would require Wavelengths of 895 nm and 852 nm 
for the D1 line and the D2 line, respectively. 

In a preferred embodiment of the frequency standard 100 
that uses a vapor of rubidium-87 atoms as the quantum 
absorber 104, the rubidium atoms are con?ned in a cell (not 
shoWn) structured to alloW the incident light 116 to illumi 
nate the rubidium atoms and to alloW any one of the portion 
of incident light that remains unabsorbed by the rubidium 
atoms, the ?uorescent light generated by the rubidium atoms 
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in response to the incident light and the coherent emission 
generated by the rubidium atoms in response to the incident 
light to reach the detector 106. For example, the cell may be 
cylindrical in shape and made of a transparent material such 
as, but not limited to, glass, fused quartZ or sapphire. 
When a cylindrical cell is used, it is located relative to the 

light source 102 and the detector 106 so that the incident 
light 116 passes through one end Wall of the cell, and the 
portion of the incident light that is transmitted by the 
quantum absorber 104, called the transmitted light, leaves 
the cell through the opposite end Wall and impinges on the 
detector 106. Fluorescent light generated by the quantum 
absorber in response to the incident light leaves the cell 
mainly through its curved side Walls. When the ?uorescent 
light is detected, the detector 106 should cover the largest 
possible solid angle around the cell to increase its detection 
ef?ciency. Additional optical elements (not shoWn) such as 
mirrors can be used to cover the large solid angle around the 
cell and to guide the ?uorescent light to the detector. 
Alternatively multiple sub-detectors located around the cell 
to cover a large solid angle can be used as the detector. When 
the coherent emission generated by the quantum absorber 
104 is detected, the cell may be placed in a microWave 
resonance cavity (not shoWn) coupled to the detector 106. 

The transmitted light, the ?uorescent light and the coher 
ent emission, one of Which constitute the electro-magnetic 
radiation from the quantum absorber 104, have intensities 
that depend on the frequency difference 69 betWeen the 
main frequency components of the incident light 116, as 
shoWn in FIGS. 6A, 6B and 6C. These curves assume that 
the relationship {(Q1+Q2)—(uu1+uu2)} remains ?xed. The 
detection signal 120 generated by the detector 106 in 
response to the electro-magnetic radiation from the quantum 
absorber has an extremum When the frequency difference 
69 betWeen the frequencies of the main frequency compo 
nents is equal to the difference 000 between the transition 
frequencies m1 and (n2. 
Abackground slope in the spectral density of the electro 

magnetic radiation detected by the detector 106 can intro 
duce an error in the frequency at Which the extremum in the 
detection signal occurs. Such error can be reduced by using 
suitable detection methods including detecting the extre 
mum in the detection signal 120 at the frequency of the third 
harmonic of the frequency difference tracking signal 132. 
References in this disclosure to the detection signal having 
an extremum are to be taken to refer to the extremum in the 
detection signal detected in a Way, such as that just 
described, that reduces any errors caused by a background 
slope in the spectral density of the detected electro-magnetic 
radiation. 

The Working temperature of the cell is stabiliZed at a 
suitable temperature. The cell is ?lled With a vapor of 
rubidium-87 atoms that act as the quantum absorber and 
preferably additionally contains solid or liquid rubidium so 
that the vapor is saturated. In a practical embodiment, the 
rubidium vapor Was maintained at a temperature of about 
60° C., With a stability of a feW millidegrees C. A loWer 
temperature can be used When cesium atoms are used as the 
quantum absorber. 

The inside surface of the cell can be coated With a 
hydrocarbon Wax. Additionally or alternatively, the cell can 
contain a buffer gas. These measures reduce interactions of 
the atoms constituting the quantum absorber With the Walls 
of the cell and With others of the atoms of the quantum 
absorber and additionally provide a minimally-perturbing 
con?nement of the quantum absorber. Reducing these inter 
actions and providing con?nement reduces the Width of the 
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resonance at the frequency 000 shoWn in FIGS. 6A, 6B and 
6C, and, hence, increases the precision With Which the 
resonance can be detected. One or more noble gasses, 

nitrogen, a gaseous hydrocarbon such as methane, ethane or 
propane, or a mixture of such gasses may be used as the 
buffer gas. 

The cell is enclosed in an enclosure of a magnetic 
shielding material to isolate the quantum absorber from 
external magnetic ?elds. A nearly homogeneous magnetic 
?eld is applied to the quantum absorber to separate the 0—0 
resonance from other resonances and to provide a quantiZing 
axis. In a practical embodiment, the magnetic ?eld strength 
Was typically in the range from 1 to 100 pT. 

In the frequency standard 100 that performs a ?rst 
embodiment of the CPT-based frequency standard generat 
ing method according to the invention, the spectrum of the 
additional frequency components is set to a ?xed value that 
reduces, and preferably to minimiZes, the magnitude of the 
total a.c. Stark shift. FIG. 7 shoWs frequency standard 200 
that performs a second embodiment of the CPT-based fre 
quency standard generating method according to the inven 
tion. In this embodiment, the spectrum of the additional 
frequency components of the incident light 216 that illumi 
nates the quantum absorber 104 is dynamically controlled by 
a closed-loop control circuit to set the spectrum to minimiZe 
the magnitude of the total a.c. Stark shift. Elements of the 
frequency standard 200 that correspond to elements of the 
frequency standard 100 described above With reference to 
FIG. 3 are indicated using the same reference numerals, and 
Will not be described in detail here. 

The frequency standard 200 additionally includes the 
intensity modulator 260, the ac. Stark shift detector 261 and 
the oscillator 244. The oscillator 244 generates the intensity 
modulation signal 264, Which it feeds to the intensity 
modulator and the ac. Stark shift detector 261. The intensity 
modulator is interposed betWeen the light source 102 and the 
quantum absorber 104. An acousto-optical intensity modu 
lator may be used as the intensity modulator. The intensity 
modulator receives the light 263 from the light source and 
receives the intensity modulation signal from the oscillator 
244. The intensity modulator modulates the intensity of the 
light 263 to generate the intensity-modulated incident light 
216 that illuminates the quantum absorber 104. 

Alternatively, the intensity modulator 260 may be built 
into the light source 102. For example, the intensity modu 
lator may modulate the intensity of the incident light 216 by 
modulating the current through the laser 140 (FIG. 4A) that 
forms part of the light source. As another example, the 
intensity modulator may modulate the current through the 
laser and the temperature of the laser. Modulating the 
temperature of the laser is feasible since the frequency of the 
intensity modulation signal is loW, typically about 10 HZ, 
and the thermal mass of the laser is small. The intensity 
modulation frequency should lie betWeen the upper cut-off 
frequency of the frequency difference control loop that 
includes the frequency difference controller 110 and the 
frequency at Which the frequency difference is modulated, 
typically 100 HZ, as described above. 
The ac. Stark shift detector 261 has inputs that receive the 

detection signal 120 from the detector 106, the intensity 
modulation signal 264 from the oscillator 244 and the 
frequency difference tracking signal 132 from the oscillator 
142. The output of the ac. Stark shift detector is connected 
to the control input of the spectrum controller 214. 

If the spectrum of the additional frequency components in 
the incident light 216 does not reduce the magnitude of the 
total a.c. Stark shift to Zero, the incident light 216 Will 


















